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red of the first series of colors. The red of the fourth ring 
was faint and seemed to  be fringed with white. 

The time of observation was so short that  I can give nothing 
more in the may of facts. Eu t  from the general impression 
received I think that if time had allowed I coulcl have made 
out not only the primary colors but  also the mixture as given 
by Newton for his 1, 2, 3, 4 orders. The three first of these 
he actually observed in June, 1692, and calculated the rest. 

STUDIES ON THE CIRCULATION OF THE ATMOSPHERES 
OF THE SUN AND OF THE EARTH. 

BY Prot: FRINK H. BII~ELUW. 

111.-THE PROBLEM OF THE GENERAL CXRCULATION OF THE 
ATMOSPHERE OF THE EARTH. 

THE ChNAL THEORY. 

In my Cloud Report, Annual Report of the Chief of the 
Weather Bureau, 1898-1893, Volume 11, chapter 11, i t  was 
shown that for the United States the canal theory of the geii- 
eral circulation of the atmosphere, as worked out  by Ferrel 
and by Oberbeck, does not sufficiently coliform to the obser- 
vations on cloud motions to be a satisfactory solution of the 
problem. The Report of the International Coninlittee, 1!HG, 
by H. H. Hildebrandsson, reached the same conclusions fc ,r 
nearly all parts of the Northern Hemisphere, aiicl, therefore, 
that  canal theory inay be finally abandonecl. The following 
paper contains some suggestions on this sullject which seeill 
promising, and adapted to  laying the fouiitlation for a ne\\ 
development of this branch of theoretical meteorology. The 
physical facts to be accounted for may be fouiicl in the two 
publications referred to, also in niy Papers on tlie Statics and 
Kinematics of the Atmosphere in the United States," and they 
need not be recapitulated in this place. 

THE GENERAL EQLIATI( I N S  OF MUTION. 

Referring to tlie well-known general equations of motion as 
summarized in the M7eather Bureau Cloud Report, from e ( l ~ a -  
tion (155) we have 

1 itY ij I' ( { I ? ,  

p a!/ i)!/ - tlt ' 

l B P  D T '  r l l q  
p 33 0 3  - tlt * 

These are transformed into the first form o f  polar equa- 
tions (181). these again into the forms (200) and (201) in sue- 
cession, so that the coinmon integral becomes 

- ~ - ~  - ~ -  

- ~- -~ 

The usual method of developinent proceecls 1,s taking 

= 6 ( U? + + w?) + T -  C 
- - 1  2 q  2 + r-c. 

This is the ordinary form of  the equation of motion on tlie 
rotating earth as given in treatises on hydroclynaiuics;, as in 
Lamb, p. 22, and Basset, Vol. I ,  1). 34, and is known as Ber- 
noulli's Theorem. Cis  not an al>solute constnnt, but  is the func- 
tion of the parameter of a stream line; and in the atmosphere. 
where the flow takes place in stratified layers having dieerent 
temperatures and angular moiuenta, i t  changes from one stra- 
tum to another. 

I t  is also possible to  integrate these terms along an arbi- 
~1Montlily Weather Review, Vvl. SSS, pp. 13, 80, 117, lG3, 250, 3U4, 347. 

trary line, s= f i s  = [(dx, dy,  dz),  and in this case the deriva- 

tive relative to  the velocity will give acceleration along (18; 
that  is, we have +Is instead of qdq, and under some circum- 
stances this may prove to  be an advantageous method. I n  
meteorology this will depend, however, upon whether the one 
or the other set of teriiis that  are required are most practically 
observed, as line integrals may be readily computed for either 
of these systems. 

0. 

LINE INTEGRALS IN THE ATRIOHPHERE. 

The prinviples of the canal theory of circulation have been 
applied l ~ y  T'. Bjerknes 23 aiid J. W. Sandhtr3m '* in their papers 
on  circulation, under the form of line integrals around arbi- 
trary closed curves in the atiuvsl)here. Thus, the circulation 
is espressecl by them, with the vertical ani1 horizontal compo- 
nents of the total enclosed curve, as 

TCDtnl Re1.a t i \  e Carth.5 
ciri I I~X~I~JII.  coirrlbaiurnt. coniponent. 

Equation (7 )  is the time rate of change. 
Cb = tlie liue integral uf tlie tnugentinl coiuponent of total 

I '= the line integral of  tlie relative velocity (tangential.) 
( = the line integral of the velocityof a point on the moving 

(ya, 4, T ~ )  = the velocities; (q,,, p. q-) = the accelerations. 
K = friction: UI,, = the :iugular velocity of the earth. 
1' = pressure; p = clensity. 
i = the angle on the plane of the parallel of Intitucle that cls 

nmltes with the direction of a moliiig point of the earth. 
SI = the projection of the closed curve S on the plane of the 

equator for tlie polar distance 0. 
These integrations involve an accurate kiiowleclge of the 

pressure, density, and acceleration a t  numerous points along 
tlie chosen closecl curve, and this i t  is ~ e r y  ilificult to obtain by 
practicable o1)servations. The vnrintion of Scan be foiincl more 
rearlily. Several illustrations are giveii 1)y the authors in ap- 
plying the theory to the general circulatioii of the atiuosphere 
aucl to the local cyclones aiicl anticyclones, but these illustra- 
tions do not seem to conform sntisfxctorily to the coiiditions 
observed in North Anierica, as will be set forth in the other 
1)apers of this series and in a full report on the subject. 

There arises no question with respect to any of the terms of 

velocity. 

earth itself (tmgential). 

(1 s 
the equation escel)t the one containing $, wliicli appears to 
be an addition to  the usual forill of the equation o f  motion on 
the rotating earth. A s  has been sliown by V. Bjerknes, if the 
angle I )  can be taken constant for n given relatively suiall 
closed curve, we have 

where i is the angle that tlie element ( 1 s  makes with the par- 
allel of latitutle, or the angle between the two radii of an ele- 

23 Metwrol.  Zeitsvhrift, March, l!N)o ; April, 1'300 ; Nurember, 1900 ; 
11Inrc11, 1 : w .  

24 lion. S\ ens. V6.t. - AX.. Hancllingar. B11.'83, Nu. 4 ; Meteorol. Zeit- 
wlirif t ,  Aiiril, 1!3(P2; Vetcns. A k .  lW2, Nu. 3. 



16 MONTHLY m A T H E R  REVIEW. JANUARY, 1904 

mentary area, as shown in fig. 14. 
we have, 

Hence, for a line integral 

Y 

ar 

ds 

z v  

FI~:. ~ ~ . - ~ o I I I ~ I ( ~ I ~ ~ , I ~ ~  a\rec. 

t lrn - t h  

cil tlt  
since ~ - U ,  w ~ = v. tis cos t = tls sin i = (7.18. 

TVe have in the case of a velocity potential. I /  tl!y - I' t7.r = 0;  
and, as is well known, the only influence of the rotatiuii of 
the earth is to  add a deflecting force always a t  right angles to 
the direction of motion. The integrnl of the work clone in 

moving a particle, j::. tls, receives no acl(1itioiial term from 

the fact that  the earth rotates, any more than a planet alters 
the velocity in its orbit from a force perpendicular to its path. 

t r s ,  
lye thus obtain 3 OJ(, ~ = 0, n i i c l  all the clevelopiuents clerirecl clt 
from its use must be carefully interpretecl. It seems iinpor- 
tant to have made this fact clear, in ortler that  the eciuation 
used as the basis of the following analysis may be taken with- 
out modifications. If tlie gravity potential IF= !/: is aclclecl 
we o l h i n  the complete equation. The line integral of a 
gravity force around n closed curve is, also, always zero. 

1 P 
P f' 

EL,IIIVALENT ESPRESSIUNS FOR THE DENSITY p. 

The specific volume or isoster, ~ = 1 1 ,  in the term , can 

be cliscussecl in four different ways, and substitutes for i t  can 

1. From Bigelow's equativn (17a), Cloucl Report, we liave 
be introduced into the equ a t' 1011. 

where the variations are expressed in terms of (I,,, T',,, I' ant1 
the thermometric temperature t. This is the coiniiion 11ro- 
cedure among meteorologists. 

2. Froin equation (75), the Boyle-Gay Lussac law of gases, 

- 1 B T  
P 3' 

- (1, ~- (13)  - 

where tlie variations are given in terins of I?, T, I'-tlie ~ : t s  
constant, the absolute temperature, and tlie n eight-and this 
has been used in some discussions. Since the atmosphere is 
not arranged upon the aclialmt,ic law, but  diverges from i t  
considerably, this nietliocl must be cautiously introduced, 
though there is a strong temptation to use the absolute tem- 
perature on account of its convenience. 

1 , by equation (SA),  a n c ~  

1 

1 
f' I '$1 

3. Since we hare  ~ = 

1 

1 7rc 1 
- pu li R To p -  , 1 

I-' 
_ -  

where B is the gas constant, and Tu = Po the potential tempera- 
ture. This form was employed by H. von Helmholtz, and it 
has several advantages over the others in applications to the 
at,mosphere. 

4. By reducing the volume 1 ~ to unit density SO that pu = 1, 
I )  

n e  sliall find that 

nfliich is the furni used ljy Eiiicleii in his pal~er  on the solar 
circulat ion. 

5. Tlie potential tenlpcrtttnre is foiind practically from tlie 
forniulit 

( 1s ) log CJ = log Hu + 0 .2SY9 (log n - log I ; , , ) .  

Since tlie pressure P in units of force = g,,)~,  we httve 

! -5 ~ 1 1 3  h - - 1  . from (15) 

( 3 0 )  P I I 

(l!)) 1' I ,  - - y,,]lu E .  u .  1'- 1' = !y , ) l l o  L / . H . p " .  

1--I 
- = -1 .  e .  r 1 1 -4 = ! / , ) ) I "  "R. = constant. 

I' 

1. -1 V.?hH9 ( 2 2 )  ijP __  - 1,  = p h = p  . 
I 

Tlie g r a ~  ity putential, including the ceutrifugnl force of 
rotation alwut the asis 2, with the nngular velocity (uo. a t  the 
~listitnoe m is, for the positive direction of r outwarcls, 
( 2 3  ) 
( 2 4 )  

Hence tlie original equation (1) is traiisfvrluecl as follows : 
( 2 5 )  1' --- - 4 ( ( ( 2  + + W') - T'+ c. 

I' 

Tlie equations of motion for two strata flowiiix over each 
other, and having different potential teinperatures and angular 
nionieiita, become, 
( 3s )  First  stratuiii: 

{ 2!)) Second stmtu1ll: 

At tlie discontinuous surface of flow the pressure rl = zp,  
hence. 
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The terms in u and io may not always be neglected where 
there are strong inericlioiial ancl vertical currents, as in cyclones 
and anticyclones. 
TO FIND THE DIRECTION OF THE B(IUND\RT C'URYE UETTVEEN TWI) 

STRATA. 

1. Differentiate (27) for r with m constant. 

- f / ,nvr  
(31)  Bear = - 1.2 - - ytlr. 

Then, in crossing the boundary froin the first to the second 
stratum, 

2. Differentiate for m with I' constant, a t  tlie same t h e  
holding the angular momentum ( t m )  constant in each stratuin. 
Equation (27) can be written: 

Differentiating, 

m "u m 
For the two strata, 

1. ;  - 

m 

omitting terms of the second order. 

(37)  dr  
3. Finally, clividing (36) by (3'3), we obtain, 

(?,2 - I' 1 )  H" - ( y2? - 1 \ ( , 2 )  H, 

H, - HI 
0 -  

This equation defines the slope of the curve which separates 
the two stratified currents that flow past each other. preserx ing 
their angular momenta, 5! = r'm = C,J??J~ = c o , t d n / ? t ,  according 
to the vortes law. where OJ is the total angular velocity upon 
the rotating earth and m is the distance from the axis of rota- 
tion. I t  can be written ancl interpreted in three different ways, 
and this gives rise to three cases, each of which finds its appli- 
cation in atmospheric circulations. The equations given in 
the papers by von Helniholtz and by Eiiiclen can be readily trans- 
posed into Case I and C'ase 111, Init Case I1 has not been con- 
sidered heretofore. Omitting terms in i~ and w, these three 
cases may be expressed as in equations (M), (3!)), and ( A ( ) ) ,  
following. 
CASE I. APPLICABLE TO THE TEMPERATE AND PULAR LITITTTUEh UP THE 

EARTH. 

(38) + tlr - - [ ( I " -  t $ , J 2 )  c), - ( 1',2 - 1 3 , ; )  H1 
~ ~- 

@I - H2 

I ? , *  - VI' 

w1 '7' 

- tln - 

The second member of the equation is positive if 
j '  2 - I3 

I 41, - 

where 17, > L'", 1 9 ,  > P,,, i t 1  > t ' , ,  and e, > NZ, that  is to sag. if the 
higher strata hkve :I higher potential temperature ant1 greater 
eastward relative velocity than tlie lower, the quautit#ies 1,eing 
arranged as in fig. 15. 

3-3 

FIG. lG.--C'ase I. 

Take a point in the atinosphere clefinecl by ( r ,  m) the radius 
:wcl the radius of rotation, respectively. The nest  successive 
point on the line of seliaratioii of the two gyrating strata is 
given by ( r  + d r ) ,  ( m  - tJm) as indicated, so that the curve 
continually rises above the successive tangents to the horizon, 
]Jilt approaches the axis of rotation in the direction of the 
celestial pole. Since ( I % , *  - P,') is the square of the relative 
h e a r  eastward velocity, i t  follows that the strata in the atmos- 
1)liere suljject to this law have a continually greater eastward 
drift ant1 greater potentixl temperatures with the increase in 
altitude above the surface. These conditions are character- 
istic of the earth's atmospliere lreyoiicl a certain latitude which 
varies with the height above the surface. The Weather Bureau 
C'loucl Report, IS%, proved tlixt the ~elocit ies and also the 
potential teniperatnres for tlie United States conform to C'ase 
I. as in chapters 12, 13, and 14, which contain a discussion of 
the clepartiire of the temperatures of the upper strata from the 
adialmtic lam in the sense that these strata are overheated. 
Those velocities have been pro1)erly prepared for iiiimediate 
introduction into the above forniula. 

CASE 11. APPLICABLE TO THE TROPIC'AL ZONES OF THE EARTH. 

- (7,; I T  : - (1,; r1 < 1 3  westward 

@ I  I -  > 8 7 ,  velocities. 
HI < H2 and ~ < A H  for[ P; < relative 

(3! l )  -1Ir - - 1 [ O y - y )  > ., H, - p,?-t$ H2] - - [--I - ~- 
- d m  (1 m @ , - + I ,  

The second member of the equation is negative i f  

that is to say, if the higher strata have lower potential tein- 
peratures tliaii the lower. and the lower strata a greater west- 
wxrcl relative velocity than the higher, the quantities being 
nrraiigecl as in fig. 16. 

Take a point in tlie atmosphere defined IJY ( r, m ) and the 
nest  successive point on the line of separation is given by 
( r - d r  ), ( m - d m ) ,  as indicated, so that the curve continually 
falls below the successiw tangents to the horizon. aiicl ap- 
proaches the axis of rotation in the direction of tlie celestial 
pole. The relative velocity is westward, since P,, is greater 
than 1 9 ,  and I ? : ,  SO that t ~ 1 2 - ~ * o '  ancl I?:-/-: are both negative 
quantities. Since vOp is a smaller negative quantity than 
v,2- I? , ; ,  the nuinerator is negative. Also, the denominator is 
i<eg:itire, for H ,  < H,. Tliehe conditions are fulfillecl in the 
tro1)icaI zones where the westward drift is greater in tlie lower 
fitrata and diiiiinislies i i p  artl, while the potential teiupera- 
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FI~:. 16.-( 'itbe 11. 

tures decrease upward. Chapter 8 of the full report will 
ciiscuss the velocities in the tropical zones of the West Inclies. 
The potential temperatures in the Trol~ics still remain to ])e 
computecl. 
CASE 111. APPLIt'bBLE TO THE ATMVSPHEHES V F  THE SUN, JUPITER, 

AND SATUHN. 

The second member of the equation is negative i f  

t h a t  is to say, if the higher strata have a liigher potential 
temperature and a smaller eastward relative velocity thau the 
lower, the quantities being arranged as in fig. 17. 

T \  / 

/ //' f 

/ 

FIG.  17.--C'nbe 111. 
Take a point in the atmospliere defined by ( r ,  m ) ,  and the 

nest  successive point on the liue of separation, which lias vary- 
ing temperatures but  angular monienta that are constant within 
the thin layers, is given by ( r + d r )  ( m + d m  ), as indicated, so 
that  the curve continually rises above the plane of t,he horizon, 
and recedes from the axis of rotation in the direction of the 
celestial pole. The warmer strata are nearer the axis, and the 
potential temperature increases in the direction parallel to 
the asis of rotation, and a t  the same time the relative velocity 
is such that  the strata near the pole rotate nlore slowly than 
those at greater distances. These conditions are found to 

prevail in the atmospheres of the sun, also of the planets Jupi- 
ter and Saturn, as attested by the belt formations and the 
systems of vortices penetrating to tlie surface. On the sun 
the granules of tlie photosphere are tlie ends of vortex tubes 
between adjacent strata having clifl'erent velocities. Similar 
vortex tubes are seen on tlie two planets. 
T H E  INTERACTIVN VF ('AXE I A N D  CASE II IN THE EARTH'S ATMOS- 

I n  the earth's ntiiiosphere the bounclary between the east- 
w:trcl clrift of the teiuljerate zone?, and the westward clrift of 
the tropics1 zones is an arch qmniiing the equator high L I ~  
into tlie cirrus cloucl strata, and restiug on tlie surface a t  lati- 
t,ucles 30'' to 95'. On the polewnrtl side C;tse I applies but  on 
the side toward the eqiiator Case I1 prevails. 

If the circulations of C'ase I in the temperate and polar 
zones, and of Case I1 in the tropical zones, are applied without 
further conclitions. the isobars in the atmosphere will be dis- 
tributed, as in fig. lH, so that they rise from the arched boun- 
dary of tlie eastward a d  the wetitward relative velocities 
toward the pole and toward the plane of the equator re- 
sljectively. This. however, is not the course of the surfaces 
of pressure in tlie atmosphere as determined by the observa- 
tions near sea level, and l ~ y  coinputations a t  higher levels. 
To illustrate the actual avnditions, in fig. 30 Ferrel's values 
of tlie isobars on the sea lerel are given from pole to pole, 
nncl Sprung's isolmrs for the 2000-meter and the -1000-meter 
planes. The prwtical probleni is, therefore, to account satis- 
factorily for the modifications of the types. In  the present 
state of meteorology we ente? upon a field that is incompletely 
explored, so that the following reiuarks are suggestive of the 
solution rather than final, but there will be much iiiaterial 
that sustaiils theiu in the complete report, Volume 11, Report 
of the Chief of the Weather Burenn. 1903-1904. 

There are two conditions that modify the solutions of Case 
I and Case I1 very decisively. ( 1 )  The first is that  tlie as- 
sumption that the angular niomenta in the several strata re- 
main constant arouncl tlie earth, or that  the air rotates in 
un1,roken rings, does not hold good even approximately. Be- 
sides the waves ancl vortices engendered between discontinu- 
ous strata. as voii Helinholtz explained, there is a yet more pow- 
ful cause for the breaking clown of the Tortes law, 1' m = con- 
stant, namely, in the cyclones and the anticyclones of middle 
latitncles, :ind iu the convectional verticd circulation near the 
equator. ( 2 )  The second is that  the boundary between the 
eastward ani1 the westnwd clrift cloes not girdle the earth 
uniformly, but is broken up into sections by the intrusion of 
Case I1 into the region of Case I. and the extension of Case 
I iiit,o the region of Case 11, SO that  the high pressure belt 
which this sulutiou. assuiiies to  encircle the earth is broken up 
into large isolated high areas or centers of action, as those 
lying over the oceans in summer, or over the continents in 
winter, in the lower strata of tlie atmosphere. To work out 
the theory of these details will be  a large task for the meteor- 
ologist of the future. These two types of disturbance oper- 
ate together, somewhat as described in the Weather Bureau 
Cloud Reljort, lS38-1S99, so that  the prebent paper is merely 
an extension of tlie analysis tLere suggested. The following 
descriptive statement atteiiipts to outline the probable course 
of the riioditicatioiis of the pure Tortes theory contained in 
the sgsteiii of equations given above. 

Referring to figs. 1s and 19, the "unmodified" and the 
''modified " systems, respectively, i t  is evident that the solar 
racliation in the Tropics, if unrelieved, will by accumulation 
raise the isobars of Case 11, by increasing the potential tem- 
perature H2 and the westward velocity v2- I ; ,  in the lower 
strata. I n  a circulating atmosphere the relief comes in two 
ways, (1) by forming a vertical convection near the equator, 
a n ~ l  (2) by forcing a horizontal convection iuto the lower strata 

PHERE: IN THE FURMATIVN VF LVCAL CPC'LVNXX ANI) ANTI 
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PIG. lX.-C!as;es I ant1 I1 unmutlified. 

Cnse I + Case l7 

Casel7+ CaseI. 

sent Case1 

Casel+CaselT. 

FIG. 19.--Cases I arid I1 as modifird. 
of the temperate zones. The first transports lieat into the 
upper strata. reducing H, and increasing H,, SO that the west- 
ward drift diminishes. At the same time the intrusion of masses 
of air having one value of niomentuin ( t t j j 3 ) I I  into those having 
another value ( ) ) 1 1 1 ) ~  will change t,heir 1-elocities. These two 
causes lower the lines of Case I1 on the equator side, and in 
the lower strata may even reverse them. dccoinpanying these 
changes a component on the niericlian toward the equator sets 
in, so that the trades from tlie northeast and southeast are cle- 
veloped, and the first niinor circulation is niaintainecl in the 
sense indicated by the arrows over the tropical zone of fig. 19. 
The rise and fall of the isobars of Chse 11, with the relief of 
the incoming solar heat through this circulation, is a complex 

but sensitive form of natural heat governor which is self- 
regulating, and preserves the normal state of equilibrium 
proper for the season of the year. This special action is 
chiefly due to  the mutual movement among the terms of equa- 
tion (39 )  for Case 11. 

A still niore complex system relates to the temperate zones 
ancl Case I. To some extent the terms within equation (38)  
for Case I go through a siniilar self-adjustment in response to 
the local iiisolation, bu t  this is by no means the primary 
cause for the depression of the isobars of fig. 18 to those of 
fig. 19. As erplainetl in my paper, ‘L The mechanism of coun- 
tercurrents of cliffereat temperatures in cyclones and anti- 

and anticyclones are formed by horizontal currents under- 
flowiiig the iwevailing eastward drift. Thus, as shown on fig. 19, 
warm currents flow from the Tropics into the Temperate Zone, 
as from the Gulf of Mexico into the United States, underneath 
the eastward drift, and this stratification of warm air beneath 
cold air produces two changes. The potential temperature 
H1 is incrensecl, the value HI - H, is cliniinislied, tlie velocity is 
checked and tlie isoljars fall, because the angular momentum 
is diminislieil. At the same tiiue that the air rises on the east 
sick of the cyclone, R cold current from the north flows to the 
west side, and tliis decreases its HL b u t  increases the diderence 
HI - H 2 ,  so that tlie velocities are increased. It is  known that 
the eastern warin current tends to curl westward and the 
western cold current tends to curl eastward about a cyclonic 
center; inverted coliclitions 1)revail arouncl an anticyclonic 
center. Furtlieriuure, t,he clynainic action of intruding cy- 
clones and mticyeloiies froni the lower to the higher strata, 
by their intvrcliange of inertia with tlie eastward drift, must 
tliiuinisli the eastward yelocity and lower the isobars 05 Case I. 
This effect of t,lie interchange of coinponents inay be Reen by 
coiu1,ining the terms of  (’me I and C’ase I1 algebraically. 
Thus, we hare, sgiiil>olically, 

CgclOneS.” R h N T H L T  TVEATHER REVIEW, February, 1903, Cyclones 

so that the lilies of C’ase I are plotted nearer tlie axis, and 
lower in tlie atmosphere above the horizon than in fig. 18. 
There are instances in which, by this intrusion of the warm 
air of Case I1 from the Trq)ics  into tlie region of Case I, tlie 
potential temperature of tlie lower strata is greater than that 
nf the liiglier strata, so that  C‘ahe I1 supersedes C’ase I in tlie 
teiiiperate zones with local westward winds. Siniilarly, the 
interplay of these cases outhide their normal regions is a suf- 
ficient cause for the mmiifolcl lvcnl circulations found in the 
lower htrata of the atniosphere up to about 3 miles from the 
ground, beyond which the circulation is more regular. The 
aniount, by which tlie normal lines of  Case I are depressed 
through the interniiiture of C’ases I ancl 11, in consequence of 
teniperature and inertia interchanges in the lower strata, 
measures the amount by wliicli the vortex law ceases to be 
coiiiplete in its application. ancl by which the Ferrel theory 
of the general circulation becomes an untenable hypothesis. 
In  eRect these interchanges are attended l ~ y  secondary currents 
along the meridian so that there is :L second minor circuit in the 
temperate zones, soinewhnt a s  indicated 011 fig. 19. The H, L, H, 
of the vertical section should be understoocl to stand over 
H, C, H, on the horizontal plniie of the given lntitude; that is, 
they are not distributetl in latitucle Init in longitude, and should 
be superpobed in a correct projection. So far as I understand 
the facts, this circ*ulatioii, taken in coiiiiection with the tropical 
circuit, conforms to the results of the International Survey, as 
stated in H. H. Hildebranclsoii’s Report, whicli need not be 
here recapitu1:rted. 111 tlie polar zone our information is too 
iueager to afford us very definite kiiowleclge, but I suspect 
that  there is a thirtl circuit as shown in fig. 19, though it may 
not be very pronounced and well clefinell. 
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portio& in harmonious relations wit11 each othel: 
Stntiniis. 
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CLIMATOLOGY OF COSTA RIGA. 
Coluluunicated by Mr. E. PITTIER, Director, Physical Geographic Iustitiite. H.lJV.iI1. 
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Notes on the iacnther.-On the Pacific slope, the rainfall was 
Violent and cold 

,.,,. ................... 
without exception much above the normal. 

mist ani1 rain, which greatly hindered the coffee picking. 
Ssn Jos6, pressure temperature and relative hninidity were 
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winds have been blowing almost continually, accompanied Ijy rw~~ljlit~n.. . . . . . . . . . . . . . . . . . .  
1,niip;rha whtw . . . . . . . . . . . . . . . .  
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FIG. 90.-Pressures at diflereut latitudes (Fcrrpl) ani1 altitudeh (Hlnwngi. 
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It is my purpose to work out the data for the temperate and 

and applicable to the North American Continent, along the 
lines here indicated. The attenipt, to  bring these laws of the 
general and the local circulations into a harmonious numerical 
scheme will require considerable labor, but  it is believed that 
i t  can be accomplished. The data contained in my reports, 
while apparently somewhat disconnected. are in reality all 
contributory to my solution of the problems of atmospheric 
circulations both of the earth and of the sun, together with 
the connections between them. It is proper to determine oare- 
fully the separate portions of the work, i. e., the velocities and 
temperatures of the strata in motion as dependent upon obser- 
vations, before trying to put  them together in a final synthesis. 
It is only necessary to  have in mind the general plnn of 
development, as here outlined, in order to keep the sererd  

ANNUAL CLIMATOLOGICAL SUMMARY FOR HAWAII, 
the tropical zones now in the possession of the Weather Bureau R! E:. 1'. 1,1 r>ha hER. Teriitorial hIttrornli,yist. 
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The following is the rainfall for the year 1903 as gaged a t  the 
se\-eral stations of  the Weather Bureau. The heaviest rainfall 
during the rear  was at Nahiku, Xlaui, at ail elevatioii of l(i00 
feet. The rainfall here was 319.80 iuches, or practically S(i.6 
feet. The nest  heaviest rainfall \vas a t  Puuohua, Hawaii, at  
an eleration of 1050 feet, 344.20 inches, or upwardu of 20 feet. 

Least rainfall, U. S. Magnetic Station, Sisal, Onhn, Kl! )  inches. 
Approxiunte percentaxe o f  district rainfall as co1nparecl 

with noriiial: Hawaii, Hilo district, 100 per cent; Hamakua, 
110; I<ohala, !M; Wnimea, 86; Iiona, 95; Kau. 6 2 ;  Puna, 8:) ;  
island of Maui, 130; island of Oahu. H ~ i i o l i ~ l ~ i  district, 72; 
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markable scarcity of rain in contrast with the diluyial &o\yers ~ i i : i k v a  I L ~ U V I I . .  . . . . . . . . . . . . . .  
~ ' l l l l l ~ l l z  Rano.ll . . . . . . . . . . . . . .  of December, 1903. 
Ilolunl , ,a ,  
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duration 10 seconds. 
E-W., intensity 11, cluration 4 seconds. 
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